PAP (polyadenylate polymerase) is the template-independent RNA polymerase responsible for synthesis of the 3 poly(A) tails of mRNA. To investigate the role of proton transfer in the catalytic mechanism of PAP, the pH dependence of the steady-state kinetic parameters of yeast PAP were determined for the forward (adenyl transfer) and reverse (pyrophosphorolysis) reactions. The results indicate that productive formation of an enzyme-RNA-MgATP complex is pH independent over a broad pH range, but that formation of an active enzyme-RNA-MgPP i complex is strongly pH dependent, consistent with the production of a proton on the enzyme in the forward reaction. The pH dependence of the maximum velocity of the forward reaction suggests two protonic species are involved in enzyme catalysis. Optimal enzyme activity requires one species to be protonated and the other deprotonated. The deuterium solvent isotope effect on V max is also consistent with proton transfer involved in catalysis of a rate-determining step. Finally, pK a calculations of PAP were performed by the MCCE (multiconformational continuum electrostatic) method. Together, the data support that the protonation of residues Lys 215 and Tyr 224 exhibit co-operativity that is important for MgATP 2− and MgPP i 2− binding/dissociation, and suggest these residues function in electrostatic, but not in general acid, catalysis.
INTRODUCTION
PAP (polyadenylate polymerase) is the key enzyme in the synthesis of the 3 poly(A) tails of mRNA in eukaryotes [1] [2] [3] , catalysing the adenyl transfer reaction:
Yeast PAP and many of the basal polyadenylation factors in yeast, which are associated in a multiprotein complex called the CPF (cleavage/polyadenylation factor), are conserved in higher eukaryotes, including humans [4, 5] . PAP is a member of the Pol X family of nucleotidyl transferases, which includes DNA polymerase β, many other eukaryotic, bacterial and poxvirus poly(A) polymerases, CCA-adding enzyme, TdT (terminal deoxynucleotidyl transferase) and various antibiotic nucleotidyl transferases [6] . PAP is also an important model system for template-independent nucleic acid synthesis, in general, and particularly for a number of closely related enzymes, including cytoplasmic poly(A) polymerases, poly(U) polymerases and terminal uridyl transferases, which are important for RNA editing and regulation of gene expression [7] . PAP contains three globular domains that move essentially as rigid bodies, the organization of which defines a large active-site cleft [8, 9] (Figure 1A ). Upon proper binding and recognition of both substrates, the enzyme adopts a closed active conformation [8, 10] . PAP employs a two-metal (Mg 2+ )-ion mechanism [9, 11, 12] , the essential features of which are common to all nucleic acid polymerases and many nucleotidyl transferases [13] [14] [15] [16] . The active site, shown in Figures 1(B) and 1(C), is characterized by the arrangement of the two Mg 2+ ions and three conserved acidic residues (Asp 100 , Asp 102 and Asp 154 in PAP); the conformation of the bound substrates are also shown. One metal binds as a co-substrate (as MgATP); the other, the so-called catalytic metal, co-ordinates both the substrate 3 hydroxy group of poly(A) and a non-bridging oxygen of the α-phosphate of ATP. Both metals function by providing scaffolding for the reaction and by stabilizing the negative charges that develop on the reactants during catalysis [17] . Upon substrate binding and domain closure, two residues of the PAP middle domain, Lys 215 and Tyr 224 , are brought into contact with the γ -phosphate of ATP [10] . Many polymerases have basic or polar uncharged residues that have similar interactions with the incoming nucleotide [18, 19] , and the catalytic contribution of these interactions, other than contributing binding energy, is uncertain [20] .
Yeast PAP is one of the few template-independent nucleic acid polymerases that has been subjected to extensive kinetic study [10, 21] . The steady-state kinetic mechanism is rapidequilibrium random [21] and is described in Scheme 1, and kinetic parameters are defined in Table 1 . The terms A, B and P refer to poly(A), MgATP 2− and MgPP i 2− respectively; the terms that include E refer to enzyme forms to which poly(A) is bound in the product mode. Previous structural, kinetic, mutagenesis and steady-state fluorescence studies [9, 10] suggest the mechanism includes two rapid-equilibrium isomerization steps (K c1 and K c2 ) that correspond to the conversion between open and closed conformations on either side of the central step. When MgATP is the substrate, the closed active conformation is favoured, whereas when incorrect nucleotides are utilized, this equilibrium favours the open conformation. However, K c2 is such that the open conformation is favoured, which helps favour product dissociation over the back-reaction under physiological conditions. As a consequence of these isomerization steps, the observed steadystate rate constants correspond to the rate constants of the central steps, V 1 and V 2 (Scheme 1), multiplied by the factor, F c , corresponding to the fraction of enzymes present in the EAB (closed) and E AP (closed) conformations respectively. The K c1 and K c2 terms are also manifested in the K m terms for the substrates and products 2+ and Asp 154 added, shows the organization of the two metals, three conserved aspartic acid residues and the bound substrates [R 1 = riboadenosine (of ATP); R 2 = polyA]. In the mechanism of nucleotidyl transfer, the 3 hydroxy group is deprotonated (a hypothetical base, X, is shown), then serves as a nucleophile in the attack on the α-phosphorus atom of ATP.
respectively, and can not be directly determined by steady-state kinetic techniques [10] . Importantly, the central step actually represents a number of discrete steps involved in chemistry. Consequently, the overall rate of this step (V 1 ) is governed by one or more rate-determining step(s) which may include activation of the nucleophile (i.e., deprotonation of the 3 hydroxy group of RNA), nucleophilic attack and phosphodiester bond formation, and/or P-O bond breakage to form pyrophosphate.
One outstanding question deals with the mechanistic significance of proton transfer during catalysis. Enzyme-catalysed nucleotidyl transfer requires deprotonation of the 3 hydroxy group of the nucleic acid substrate. Co-ordination of this hydroxy group to Mg 2+ is widely presumed to lower its pK a [17] , and the deprotonation of this group may occur by general base catalysis ( Figure 1C ). The identity of the catalytic base is unknown, and computational studies on different enzymes have investigated several possibilities, including the Mg-co-ordinated water, a conserved aspartic acid (Asp 154 in PAP) or the α-phosphate oxygen of the nucleotide substrate [22] [23] [24] [25] [26] . Additionally, other reaction steps lead to the reorganization of negative charge on the reacting molecules. These steps include charge development on the nonbridging α-phosphate oxygen of ATP in a phosphorane transition state [13] or charge development on the α,β-bridging oxygen of ATP during bond breakage and subsequent product (PP i ) formation. Thus charge neutralization in the transition state is possibly an important catalytic strategy employed by these enzymes. It has also been suggested that proton transfer to pyrophosphate may promote departure of this leaving group [20] .
To investigate the role of proton transfer and acid/base catalysis in PAP, the pH dependence of the steady-state kinetic parameters of PAP was determined in both the forward and reverse direction in the pH range 5.8-9.0. The maximal velocity in both directions is sensitive to solution pH, indicating that solvent protons are in equilibrium with groups at the active site in both the enzyme-substrate and enzyme-product (Michaelis) complexes. The pH dependence of the forward velocity (V 1 ) suggests the involvement of two protonic species, where the active enzyme form (i.e. that which undergoes the rate-determining step) has one group protonated and the other deprotonated. Interestingly, these two species exhibit strong co-operativity, in which binding of the first proton to the enzyme increases the affinity for the second proton. SIE (solvent deuterium isotope effect) experiments support the theory that proton transfer is involved in catalysis of a rate-determining step. The possible catalytic role of Lys 215 and Tyr 224 , residues which interact with the MgATP substrate and MgPP i product, was also investigated computationally by MCCE (multiconformational continuum electrostatic) calculations of PAP. The calculations support that these residues are fully protonated at physiological pH both in the presence and absence of substrates. From both the MCCE calculations and pH kinetic studies, it is concluded that these residues function in electrostatic catalysis, but not in general acid catalysis.
purchased from Dharmacon (Lafayette, CO, U.S.A.). Nucleotide concentrations were determined by UV absorbance using their published molar absorption values. RNA concentrations were determined using their theoretical molar absorptivity values. [2, H]ATP was purchased from PerkinElmer (Boston, MA, U.S.A.) in a 50 % ethanol solution. Prior to use, the ethanol was removed by applying a steady stream of air over the surface of the solution.
PAP
All experiments utilized a recombinant yeast PAP (62.4 kDa) that had a 32-amino-acid C-terminal truncation and included a C-terminal His 6 tag to facilitate purification [21] , referred to here as PAP. These modifications have been shown not to alter the catalytic properties of the enzyme [27] . The enzyme was purified by nickel-affinity and ion-exchange chromatographies, as described previously [21] . Protein concentration was determined by UV absorbance (ε 280
.
Kinetic assays and pH-dependence studies
The initial rates of polyadenylation (adenyl transfer) from the reaction of tritium-labelled MgATP and an 18-mer oligoadenylate (A 18 ) were determined at 30
• C using a discontinuous assay measuring the incorporation of [ 3 H]adenylate into the acidinsoluble fraction, as described previously [21] . The initial rates of pyrophosphorolysis from the reaction of MgPP i and A 18 at 30
• C were determined, as described previously [21] by a discontinuous luciferin/luciferase assay, which measures the amount of ATP formed during the reaction [28] . Assay buffer conditions were 30 mM Bis-Tris, 30 mM bicine, 1 mg/ml BSA, 10 % glycerol, 10 mM 2-mercaptoethanol, 1 mM spermine · 4HCl, 0.01 % Nonidet P40 and 10 mM MgCl 2 , unless otherwise stated. In contrast with previous studies [21] , additional NaCl was omitted, which we found to interfere with substrate binding. Substrate concentrations were varied depending on the experiment; these were: A 18 (4-200 μM), MgATP (5-300 μM) and MgPP i (10-250 μM) . The reactions were initiated by the addition of 1-5 nM PAP, depending on the pH.
The pH-dependence studies were conducted in the pH range 5.8-9.0. To confirm the structural integrity of PAP over the pH range investigated in the kinetic studies, thermal denaturation studies of PAP, monitored by CD spectroscopy, were performed. The enzyme exhibited essentially identical CD spectra at 30
• C from pH 5.8-9.0, and showed similar unfolding profiles (proteins unfolded above 40
• C) independent of pH (results not shown). For the kinetic experiments, a mixed buffer system containing equal parts Bis-Tris and bicine was employed, which minimizes the variance of ionic strength due to changes in protonation of the buffer components. The pH was adjusted with HCl. The effective ionic strength, measured using an ion conductivity meter, varied by approx. 25 % over this pH range. The new salt and buffer conditions employed in the present study resulted in a small difference in the kinetic parameters compared with our previous studies [21] , with the overall catalytic efficiency (V/K ia K b ) of the enzyme 3.7-fold higher under the new low-salt conditions (pH 7).
SIE experiments
The kinetics of PAP in deuterium oxide was studied in a BisTris/bicine buffer system. The Bis-Tris/bicine buffer in 2 (10 mM) and as a function of pH were estimated using the program WinSGW [29] using published values for the relevant dissociation constants [30, 31] , and these calculations are provided as Supplementary Figure S1 [9] from which all bound ligands (Mn 2+ , nucleotides) were removed. MCCE simulations for the ternary complex (closed conformation) used a slight modification of PDB 2Q66 [10] . These modifications included inserting the Asp 154 side chain and the second Mg 2+ (both missing in the structure). Also, 5-mer oligonucleotide A was removed and the 3 terminal adenylate residue was represented by H · AMP 1− to account for electrostatic effect on other crystallographically observed residues. Partial atomic charges and atomic radii for ATP 4 − and H · AMP 1− were taken from topology files generated by PRODRG [35] , and the atomic radii for (tri)phosphate P (2.1 Å) and O (1.7 Å) were used [36] (1 Å = 0.1 nm). In both simulations, multiple conformers were generated only for residues within 4 Å of the following active-site residues: 
Kinetic models and data analysis
The steady-state kinetic expression for a bireactant enzyme (using the nomenclature of Cleland) is given in eqn (1) [37] :
Here, v is the measured initial velocity and V is the apparent maximal velocity, V 1 (forward) or V 2 (reverse). 
where V is an apparent maximal velocity and K is an apparent constant. The Michaelis constants, defined in terms of the equilibria described in Scheme 1, are discussed in reference [21] and presented in Table 1 . The initial rates, determined from plots of product formed versus time, at a given pH were simultaneously fitted by non-linear regression to eqn (1) using the program gnuplot (http://www.gnuplot.info). For regression analysis of the initial velocity data, each data point was weighted as a fixed percentage of its value. The means of 40-50 data points were used for each fit to eqn (1) , and the S.D. for the fitted parameters was estimated to be 5-15 %. The errors for the kinetic parameters derived from this analysis, as reported throughout the present study, are asymptotic standard errors from gnuplot and approximately correspond to 85 % confidence.
The pH dependence of the kinetic parameters V, V/K m , or 1/K i was analysed using the appropriate equation below [eqns (3)- (6)] [38] , where Y obs and Y are the pH-dependent and pH-independent parameters respectively. The term Y lim refers to a non-zero limit of the parameter, Y. For example, in Figure 5 , Y obs corresponds to the apparent V 1 determined at a given pH, Y is the pH-independent maximum velocity (V 1 ) and Y lim is the limit of V 1 at high pH [fit to eqn (6)]. The 'n' term in the denominator of eqn (4) is the Hill parameter, h, which is equal to 1 in the absence of cooperativity. In fitting to eqns (3)-(6), the kinetic parameters (Y obs ) were weighted by their S.E.M.s derived from fits to eqns (1) or (2) .
RESULTS AND DISCUSSION
Kinetic pH-dependence studies of PAP pH variation studies of enzyme activity are useful in determining the role of protonic groups in substrate binding and catalysis [38] . Previous work has established that PAP exhibits a rapidequilibrium random substrate-binding mechanism [21] . For this type of mechanism, the 1/K i terms correspond to the equilibrium formation constants of the enzyme substrate (or product) binary complexes, and V/K m terms correspond to the apparent secondorder rate constants for reaction of a particular substrate or product when the other is saturating [39] . The pH dependence of these parameters will reflect the importance of protonic species The parameters V 1 /K a (᭹) were fit to eqn (3); and 1/K ia (᭺), to eqn (5) . The data point in parentheses was not included in the analysis. The curves represent the best fit to the data.
in the formation of productive binary (1/K i ) or ternary (V/K m ) enzyme complexes [38] . Previous studies of PAP [10] have demonstrated that the K m terms, K a and K b , are also functions of the equilibrium constant for the formation of the closed enzyme conformation, K c1 (Scheme 1), in addition to substrate equilibrium dissociation constants; analogous relationships exist for K p , K a , and K c2 for the reverse reaction. The pH dependence of V 1 and V 2 will generally reflect protonic groups important in the formation or stabilization of a transition state of a ratedetermining step. To understand the mechanistic role of protonic groups in PAP catalysis, the steady-state kinetic parameters for both the forward and reverse reactions were determined in the pH range 5.8-9.0. In the present study, initial rates were determined at various substrate concentrations and pH values. The initial rate data at a particular pH were simultaneously fit to eqns (1) or (2), as described in the previous section, to determine the steady-state kinetic parameters at that pH. The apparent pK a values were then determined from the pH dependence of these kinetic parameters using eqns (3)-(6), as described below. These results (see Figures 2-7) are discussed below, and the complete tabulated results are reported as Supplementary Table S2 (http://www.BiochemJ.org/bj/420/bj4200229add.htm).
Poly(A) binding
The pH dependence of the parameters for poly(A) binding in the forward direction is shown in Figure 2 . The K ia term, which measures poly(A) binding to the free enzyme, is pH dependent. Since polyadenylate has no groups that could be tritrated in this pH range, the dependence is certainly due to titration of an enzyme group. This group has an apparent pK a of 7.20 + − 0.25, where the protonated enzyme form binds tighter, and the K ia exhibits limiting values of 36.4 and 181 μM with S.E.M. of approx. 20 %.
In contrast, the plot of V 1 /K a is essentially invariant with pH in the range between 6.5 and 8. Because of the slight curvature of the plot at high and low pH, the V 1 /K a data were fitted to eqn (3), which yields pK a values of 5.56 + − 0.14 and 9.20 + − 0.16, and a maximum rate constant of 5.39
The previous crystal structure [10] and the MCCE calculation performed in the present study indicate that none of the amino acids directly involved in RNA binding have a pK a near neutrality. We suspect the pH dependence of K ia is due to the ionization of charged residues located on the inner surface of the active-site cleft that do not form direct contacts with poly(A). This is supported by the MCCE calculation for the free enzyme for two such amino acids: His 375 , pK a = 6.96, and Lys 385 , pK a = 7.52. Under conditions of MgATP saturation (corresponding to the V 1 /K a condition), domain closure is favoured upon poly(A) binding, which is consistent with previous studies [10] . As a result, the apparent pK a of groups that affect poly(A) binding would be perturbed, because the acid dissociation equilibrium is coupled to the equilibrium for domain closure, K c1 , and this explains the absence of the pK a near 7 in the V 1 /K a plot. Given that PAP is tethered to the pre-mRNA by virtue of its association with RNA-binding proteins in the context of the CPF [5] , the effective poly(A) concentration is large and constant under cellular conditions, thus the pH dependence of poly(A) binding is most likely not physiologically relevant.
MgATP binding
The pH dependence of the kinetic parameters for MgATP binding is shown in Figure 3 . The K ib term is essentially pH independent at low pH, but gradually increases (1/K ib decreases) at higher pH. Consequently, the data were fitted to eqn (4), and a 1/K ib (limit) of 0.027 + − 0.003 μM − 1 (or K ib = 37 μM), an apparent pK a of 8.36 + − 0.17, and a Hill coefficient (h) of 0.71 + − 0.18 were determined. A Hill coefficient of less than one suggests negative co-operativity in proton binding between two or more protonic groups involved in MgATP binding. Here, negative cooperativity occurs when the protonation of one group antagonizes the protonation of the second group. The flatness of the plot at low pH is consistent with the notion that the MgATP 2− species is the actual substrate and validates the calculation made to correct for the pH dependence of [MgATP 2− ], as described in the Supplementary online data (http://www.BiochemJ.org/bj/ 420/bj4200229add.htm).
The V 1 /K b term is invariant near neutral pH, but decreases at high and low pH, similar to the V 1 /K a term (Figure 2 ). Fitted to eqn (3), the data yield pK a values of 6.12 + − 0.28 and 9.07 + − 0.30, and a maximum rate constant of 8.41 × 10 5 M − 1 · s − 1 ( + − 15 %). Note that at pH 5.81, the low point on the V 1 /K b plot corresponds to a high point on the 1/K ia plot (Figure 2 ), suggesting formation of non-productive complexes at low pH; these points were omitted in the analysis. The similar pH dependence of both V 1 /K a and V 1 /K b suggests these terms reflect a common step in Michaelis complex formation, such as a conformational change that occurs after initial ternary complex formation, rather than either MgATP or poly(A) binding, explicitly.
Figure 4 pH dependence of kinetic parameters of the pyrophosphorolysis (reverse) reaction
The parameters V 2 /K a (᭢) were fit to eqn (4); V 2 /K p (᭹), to eqn (4) (where pK a was fixed at 5.96); and 1/K ip (᭺), to eqn (4) (h = 0.39). The curves represent the best fit to the data.
Product binding
The pH dependence of the kinetic parameters for product binding was determined by kinetic studies of the reverse (pyrophosphorolysis) reaction, and the data are shown in Figure 4 . The term, K ip , similar to K ib , appears to increase (1/K ip decreases) gradually at high pH values. Accordingly, the data were fitted to eqn (4), and 1/K ip (limit) of 0.20 + − 0.12 μM − 1 , an apparent pK a of 6.77 + − 1.5, and a Hill coefficient (h) of 0.39 + − 0.19 were determined. This suggests strong negative co-operativity between two or more protonic sites involved in pyrophosphate binding. The observation that K ip approaches a limiting value at low pH is consistent with MgPP i 2− binding to the enzyme as a substrate in the reverse reaction and substantiates the pH correction in determining [MgPP i
2− ] (Supplementary online data). Furthermore, it is unlikely that the observed decrease in 1/K ib and 1/K ip above pH 7 is due to an error in calculating the concentrations of MgATP 2− and MgPP i 2− respectively, since the calculated concentrations of these species vary by only 2 and 12 % respectively in this pH region, which is insufficient to account for the larger variation in the K i terms.
Both V 2 /K a and V 2 /K p are strongly pH dependent in the pH region tested (Figure 4 ), exhibiting higher values at low pH. The V 2 /K a data were fitted to eqn (4) (n = 1), which yielded a pK a of 5.96 + − 0.04 and a maximum rate constant of 3.23
Non-linear regression analysis of the V 2 /K p data using eqn (4) gave excessively poor fits due to the scatter in the data. However, as shown in Figure 4 , the data are adequately described by the model when the pK a is set at 5.96, yielding a maximum rate constant of 1.17
Because the reaction could not be properly sampled at pH < 6 where the curve is expected to flatten out, the extrapolated maximum values of V 2 /K m should be considered tentative. When the data are plotted on a logarithmic scale, it is evident they approach an asymptote having a slope ( log[V 2 /K m ]/ pH) of − 1, consistent with the consumption of a proton in the reverse reaction. In proteins, amino acids often exhibit acid-titration behaviour that differs from the free amino acid due to several factors, including electrostatic effects from nearby residues or the availability of alternate conformations that will either stabilize or destabilize charge on that residue [40, 41] . In the crystal structure of the enzyme-substrate ternary complex, direct contacts are observed between Lys 215 , Tyr 224 and the γ -phosphate of MgATP [10] , and, upon reaction, this interaction would be maintained with MgPP i in the product complex. Therefore, we hypothesized that the ionization of these residues might by co-operative and thus explain the pH dependence of K ib and K ip . This was investigated computationally by performing MCCE calculations for the free enzyme and enzyme-substrate ternary complex [40, 41] . In the free enzyme (which determines the pH dependence of K ib and K ip ), the results are: Lys 215 , pK a = 10.50, h = 0.347; Tyr 224 , pK a = 11.96, h = 0.293. The Hill coefficients (h) of less than one indicate negative cooperativity and are consistent with the kinetic experiments. Because interactions involving Lys 215 and Tyr 224 promote MgATP and MgPP i binding and stabilize the closed ternary complex, we propose that the observed negative co-operativity is important in weakening these interactions, thus promoting facile opening of the closed conformation and product dissociation between successive rounds of adenyl transfer. A detailed account of the MCCE results is provided in the Supplementary online data (http://www.BiochemJ.org/bj/420/bj4200229add.htm).
pH dependence of V 1 and V 2 The pH dependence of V max generally reflects the protonation of groups involved in stabilizing the transition state of a ratedetermining step [38, 39] . Our previous work demonstrated that the conversion of central complexes, EAB and E AP, is rate determining for PAP [21] . Furthermore, a modest thio-effect on V max when [α-thio]-ATP is utilized as an alternative substrate further supports that the chemical step is rate determining [21] , but does not exclude the possibility that other processes, such as local conformational changes, also limit the rate. Finally, kinetic studies of PAP mutants further suggest that the rate of the forward reaction (V 1 ) is limited, specifically, by conversion of EAB (closed) into E AP (closed) , since the large domain motion is rapid and K c1 favours domain closure [10] .
The pH sensitivity of the V max terms, V 1 and V 2 , demonstrates that the substrate/product-bound active site is capable of proton exchange with bulk solvent. As shown in Figure 5 , the forward rate constant, V 1 , increases as a function of pH to a sharp maximum at approx. pH 7.1, and then decreases, which suggests two protonic species are important in enzyme catalysis, where maximum activity corresponds to an enzyme form having one species protonated and the other deprotonated. The observation that V 1 approaches a non-zero limit at high pH suggests that the reaction may proceed, albeit less efficiently, by an alternative mechanism corresponding to an enzyme form in which both species are deprotonated. Thus the data were fit to eqn (6); the two pK a values correspond to molecular acid dissociation constants. Although the average of the two pK a values were accurately determined to be 7.05, the parameters V 1 , V 1 (non-zero asymptote at high pH), pK 1 and pK 2 could not be unambiguously determined by fitting all parameters simultaneously. This is because the shape of the curve changes negligibly as a function of the pK a values when (pK 2 −pK 1 ) is very small or negative [38, 42] . However, by setting the pK a values constant, then varying these manually (with the constraint that the average pK a value is 7.05), and solving eqn (6) for the other parameters, limiting values for all parameters were defined where the goodness of fit [χ 2 /ndf (number of degrees of freedom)] no longer showed improvement upon subsequent manipulation of the pK a parameters. This analysis yielded: V 1 330 s − 1 , pK 1 7.5 and pK 2 6.6; V 1 was determined to be 28 s − 1 (+ − 15 %). In this model, V 1 corresponds to the theoretical maximum rate of the active protonated enzyme form; the observed maximum velocity (near pH 7.05) is smaller, because only a The apparent V 1 data were fit to eqn (6) , and the continuous line represents the best fit (χ 2 /ndf = 1.09). Limiting values were estimated: V 1 330 s − 1 , pK 1 7.5, and pK 2 6.6. The broken line represents the best fit to an alternative model where the constraint (pK 2 −pK 1 ) = 0.6 was imposed (χ 2 /ndf = 3.00); in this model, pK 1 = 7.01 and pK 2 = 7.61. The results are expressed as the mean + − S.E.M. of V 1 from each data set from the fit to eqn (1).
Figure 6 pH dependence of V 2
The apparent V 2 data were fit to eqn (3). The results are expressed as the mean + − S.E.M. of V 2 from each data set from the fit to eqn (1).
fraction of the EAB complexes are present in this form under optimal conditions. The analysis indicates pK 2 is less than pK 1 , which results in the narrow shape of the curve in Figure 5 . As described previously by Dixon [42] , this general phenomenon is suggestive of co-operativity between protonic groups. In this case, cooperativity refers to the situation where the addition of the first proton to the enzyme increases the affinity for the second proton. Alternatively, the data were analysed according to a model involving two independent groups (i.e. no co-operativity), and this result is shown by the broken line in Figure 5 . Here, the best fit results are V 1 = 113.4 + − 16.4 s − 1 , V 1 = 14.4 + − 11.5 s − 1 , pK 1 = 7.0 + − 0.1 and pK 2 = 7.6 + − 0.1. This model corresponds to a limiting case where the microscopic acid dissociation constants of the two titrating groups are identical [38, 42] . It is apparent that this model gives a significantly poorer fit to the data than does the co-operative model, as measured by the χ 2 /ndf parameter ( Figure 5 ). Thus we conclude the data support the co-operative model. The origin of co-operative proton binding in PAP catalysis is not understood. The significance of this phenomenon is discussed further in the Supplementary online data (http://www.BiochemJ.org/bj/420/bj4200229add.htm).
The pH dependence of the reverse rate constant, V 2 , is shown in Figure 6 . These data fit well to a simple bell-shaped curve (eqn 3) giving observed pK a values of 6.14 + − 0.27 (pK 1 ) and 6.41 + − 0.23 (pK 2 ) and a maximum apparent V 2 of 4.70 + − 1.92 s − 1 . The increase in V 2 as pH decreases is consistent with the V 2 /K m data The K eq values at and below pH 7.1 (᭹) were calculated from the data of the kinetic analysis of both the forward and reverse reactions using the Haldane relationship: K eq = (V 1 K p )/(V 2 K b ). The K eq values above pH 7.1 (᭺) were calculated using the data from the analysis of the forward reaction and the calculated parameter, V 2 /K p , from the non-linear regression analysis of the data shown in Figure 4 . The line represents the best fit of the data between pH 5.8 and 7.1 to the function, log(K eq ) = n · pH + C, where the slope, n, equals the number of protons consumed (n is negative) or generated (n is positive) in the reaction. Here, the slope (n) was fixed at 1; given this solution, K eq = 1 at pH 5.23. When the slope was determined by linear regression analysis of the data between pH 5.8 and 7.1, n = 1.08 + − 0.06.
( Figure 4) , and likely corresponds to the protonation of the E AP complex prior to catalysis of the reverse chemical step. The enzyme inactivation at low pH was also observed in preliminary studies of the reverse reaction at low fixed concentrations of the oligonucleotide A 18 and MgPP i (results not shown) and may correspond to the decrease seen in the V 1 /K m plots (Figures 2 and  3 ) at low pH.
There is an important consideration in the analysis of the V 2 and V 2 /K m data. For the reverse reaction, the central step (V 2 in Scheme 1) is preceded by an unfavourable equilibrium (K c2 ), corresponding to a conformational step [10] . Because V 2(obs) = F c × V 2 , where F c is the fraction of enzymes in the closed active conformation, any effect of pH on F c (which cannot be ascertained directly by steady-state measurements) will perturb the pH versus V 2 plot and give pK a values different from the corresponding microscopic pK a values. This suggests the possibility that protonation of the E AP complex stabilizes the closed conformation of the enzyme-product complex. Further studies are necessary to test this hypothesis.
pH dependence of K eq
The equilibrium constant of an enzyme catalysed reaction can be calculated from the steady-state kinetic parameters using the appropriate Haldane relationship [37] . For PAP, K eq = (V 1 K p )/(V 2 K b ). In the present study, low catalytic efficiency above pH 7 precluded the determination of the kinetic parameters for the reverse reaction. However, these parameters at higher pH values can be estimated from the best-fit solutions for eqns (3) and (4), as presented in Figures 6 and 4 respectively. As shown in Figure 7 , log(K eq ) versus pH increases along a line with a slope of 1, consistent with the concomitant production of a proton with adenyl transfer. Only data at or below pH 7.1 were used in fitting, as these values were directly measured. The demonstration that this relationship is valid over the entire pH range is compelling evidence that the steady-state data are well determined and that our data analysis is correct. Finally, we determined the pH-independent equilibrium constant,
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Figure 8 SIE for PAP-catalysed adenyl transfer
Kinetic data were measure in aqueous (᭹) and deuterated (᭺, 0.83 fraction 2 H) solutions at pH 7.1 or the equivalent p 2 H, respectively. This subset of data demonstrates the SIE on the maximum velocity and substrate binding. The [MgATP 2− ] was 319.3 μM (approx. 3 × K m ), and the curves were generated using eqn (1) and the parameters listed in Table 2 . The results are expressed as the means + − S.D. for duplicate data sets.
knowledge, the first report of this constant for the nucleotidyl transfer reaction involving single-stranded nucleic acid.
SIE
Solvent deuterium isotope kinetic experiments can yield insight into the nature and importance of proton transfer events [43] . The steady-state kinetic parameters of PAP in the forward direction were determined at 0.00 and 0.83 fraction deuterium at pH 7.1 and the equivalent p 2 H respectively. The data are presented in Table 2 , and a subset of the data is shown in Figure 8 . At 0.83 fraction 2 H, there was an SIE of 1.6 on V 1 , and an SIE on all the substrate-binding parameters (K i and K m ). The SIE on V 1 is consistent with a normal isotope effect on proton transfer in the transition state [43] and is on a par with the SIE seen for other DNA and RNA polymerases [20] . Some of the SIE on substrate binding can be rationalized by general effects of 2 H 2 O on solvent structure and/or ion stabilities. For example, 2 H 2 O often has a stabilizing effect on macromolecular interactions (protein-protein and protein-nucleic acid) due to increased hydrophobic effect from the higher structural order of 2 H 2 O [44] . Also, analogous to the relative stabilities of lyonium and lyoxide, the solvation of ions tends to be more favourable in H 2 O [43] . The general solvent effects involving ion and macromolecular solubility are expected to be 'medium effects', i.e. the cumulative effect of many protons each having a very small SIE. Because of the small value of the SIE and the relatively high S.E.M. (5-15 %) of the fitted parameters, a proton inventory experiment was not done, and it remains unknown whether each SIE is derived from one or more protons. Interestingly, a recent proton inventory study on several polymerase α-type enzymes suggested that two protons were involved in the catalytic step [20] . In summary, the SIE effect on V 1 is consistent with the involvement of proton transfer in transition-state stabilization.
Summary and discussion of kinetic data
The V 1 /K a and V 1 /K b terms reflect two factors: (1) the apparent second-order rate constant for association of each substrate with the appropriate binary complex, and (2) the probability that the ternary complex will proceed through catalysis. In the forward reaction, formation of the EAB ternary complex is essentially pH independent near neutrality (V 1 /K a = 5.4 × 10 5 M − 1 · s − 1 and Figures 2 and 3) . These values are lower than the diffusion limit of 10 8 M − 1 · s − 1 by approximately two orders of magnitude, suggesting that only a small proportion of EAB complexes are capable of further reaction. The pH dependence of V 1 also suggests that, at the pH optimum, a relatively small fraction of enzymes are in an active protonation state [compare the observed maximum rate (60 s − 1 ) with the theoretical maximum rate (lower limit 330 s − 1 ) determined from the fit of the data to eqn (6) ]. This result can be explained by the equilibration of protonic groups in the enzyme ternary complex prior to catalysis of the rate-determining step. In the forward reaction, the observed rate is limited by the proportion of enzymes present in the active protonation state. In the reverse reaction, V 2 /K a and V 2 /K p , are both strongly pH dependent (Figure 4) , indicating the requirement of proton binding for either productive formation of the E AP complex, or for catalysis of the first committed step.
The pH dependence of V 1 gives evidence of two protonic species present on the enzyme substrate complex, where optimal enzyme activity requires one species to be protonated and the other deprotonated. Of course, these species cannot be identified solely by kinetic studies. During nucleotidyl transfer, general base catalysis may be employed in deprotonation of the substrate 3 OH. Also, general acid catalysis or hydrogen-bond-donating groups may neutralize negative charge that develops on the attacking 3 O nucleophile, on the phosphorane intermediate and/or on the pyrophosphate leaving group [13, 24, 45] . Our hypothesis is that efficient catalysis requires the organization of the active-site environment such that these developing charges are stabilized in the transition state. It is probable that the pK a 7.5 corresponds either to the deprotonation of the 3 OH group of the enzymebound poly(A) substrate or a general base that accepts this proton during catalysis. This value can be compared with the expected pK a of 8-10 for a Mg-co-ordinated water in an enzyme [39] . A recent study [46] of a related enzyme, DNA polymerase β, reported an apparent pK a of 8.1 for the enzyme-bound 3 OH, which is comparable with the value reported here. The data also reveal a second species (pK a 6.6) that must be protonated for optimal catalysis. The identity of this group is less certain as it is not apparent from the structural data that any activesite residues are poised to participate directly in proton transfer to these substrate atoms during catalysis. Instead, the PAP structure (PDB code 2Q66) [10] indicates a number of buried solvent molecules ( Figure 1B ) that form specific interactions with substrates, particularly with the triphosphate moiety of ATP, as shown in Figure 9 . These include two solvent molecules that interact with the α,β-bridging oxygen of ATP and one that interacts with the pro-S p oxygen atom of the α-phosphate of ATP. Note the backbone amide groups of Asn 226 , Gly 233 , and Val 234 position these solvent molecules in a manner that would favour hydrogen bond donation to the triphosphate/pyrophosphate groups. These considerations lead us to speculate that protons may be localized on substrate atoms and/or explicit solvent molecules during catalysis. Exchange of these protons with bulk solvent explains the pH dependence of the kinetic parameters in this study. To substantiate this hypothesis, additional high-resolution structures, particularly of the enzyme-substrate and enzymeproduct complexes with both Mg 2+ ions present, are necessary. This will identify any additional ordered solvent molecules near the 3 OH, and determine whether significant structural reorganization of these solvent molecules occurs as the enzyme reaction progresses. A similar mechanism was recently proposed for Sulfolobus solfataricus Dpo4 (DNA polymerase IV), which also has a solvent-containing active site, wherein proton transfer between explicit water molecules and substrates is hypothesized to occur [26] .
Role of Lys 215 and Tyr
224
Others have noted that positively charged active-site residues are a common feature of nucleic acid polymerases and are proposed to be involved in catalysis [18, 19] . In the present study we conclude the pH dependence of K ib ( Figure 3 ) and K ip (Figure 4 ) reflects co-operative titration of this pair in the free enzyme, consistent with the MCCE calculation. Mutational studies previously showed that the primary function of both residues is to provide structural interactions that stabilize the closed enzyme conformation in addition to substrate and product binding (the Y224F and K215A mutants both exhibited weaker binding of MgATP 2− and MgPP i 2− ). Importantly, the K215A mutant showed only a (4.5-fold) effect on V 1 , whereas the Y224F mutant had no effect [10] . This effect is small when compared with the catalytic effects (10 1 -10 3 -fold) observed upon mutation of supposedly analogous charged residues in other enzymes, notably residue Arg 183 in DNA polymerase β [47] and Lys 560 in RB69 DNA polymerase [48] . This suggests that different polymerases may employ distinct mechanisms for proton transfer and/or charge stabilization during catalysis.
We also considered that either Lys 215 or Tyr 224 function as a general acid, which is consistent with a recent proposal that proton transfer to the pyrophosphate leaving group generally occurs in DNA and RNA polymerases [20] . In such a mechanism, activity in the reverse (pyrophosphorolysis) direction would require the conjugate base form of this residue to accept a proton from MgHPP i 1− . Our present results, which show an increase in pyrophosphorolysis activity with a decrease in pH, appear inconsistent with this proposal. Furthermore, the MCCE calculations suggest Lys 215 and Tyr 224 are predominantly protonated below pH 10. From the kinetic data, it is apparent that MgPP i 2− combines readily with the enzyme in the pH range tested. Therefore, in the reverse reaction, the active form of E AP can easily result from combination of poly(A), MgPP i 2− , and an additional proton with the Lys 215 -NH 3 + /Tyr 224 -OH form of the enzyme. It is reasonable to hypothesize that, in the forward reaction, pyrophosphate formation on the enzyme is promoted by charge neutralization, but this could occur by electrostatic catalysis or by proton transfer from another site, such as an ordered solvent molecule. 
Figure S1 Calculated concentrations of MgATP and MgPP i species as a function of pH
The concentrations of all relevant Mg-and protonated-forms of ATP and PP i were calculated over the pH range of 5-10 at a constant total magnesium concentration of 10 mM using WinSGW The pH dependence of V 1 (main text, Figure 5 ) suggests a cooperative proton-binding model of the type described by Dixon [2] . This type of analysis (main text, eqn 6) yields estimates for the molecular acid dissociation constants, K 1 and K 2 . These terms are related to the equilibrium constants of the individual species, K a and K b , and a quotient describing the co-operative effect, q (by definition, q = 1 when the two species are independent), by the following equations and Scheme S1:
Here, AH and BH are two protonic species present on the enzyme-substrate complex. Note the acid dissociation constant of a given species is dependent upon the protonation state of the other species. In this model, addition of the first proton to the enzyme increases the affinity for the second proton, i.e. q is less than 1 [2] . Dixon argued that only co-operative effects can give this result, and this result cannot derive from an alternative mechanism where protonation or deprotonation of an intermediate enzyme form occurs, resulting in a pH-dependent change in a rate-determining step. The molecular origin of the co-operative proton binding described in the present manuscript is unresolved. One speculation is that proton transfer within the active site is coupled to structural rearrangements, which alter the proton affinity of the enzyme. This hypothesis essentially states that internal proton transfer induces changes in the active site environment that affect the free energy of ionization of the groups involved in catalysis. For example, the crystal structure [3] indicates the 3 OH is buried in the active site, therefore deprotonation of this substrate would most likely involve direct proton transfer to a nearby acceptor in the active site. In this hypothesis, localization of this proton on one site would affect the proton affinity of the other site. Future studies, including the structural characterization of the different enzyme intermediates (representing both EAB and E AP complexes) and determination of the pH dependence of individual kinetic steps by pre-steady state methods, will be necessary to substantiate this hypothesis.
MCCE calculation of pK a of K215 and Y224
Electrostatics calculations were performed on the free and ternary complex of PAP, with a particular focus on K215 (residues The MCCE calculated distribution of conformers of K215 (left) and Y224 (centre) are shown. K215_A corresponds to the protonated (+1 charged) species, where K215_B and K215_C are two different rotomers of the deprotonated (neutral) species; Y224_A refers to the protonated hydroxy where the hydroxyl proton is pointed away from the lysine (right), Y224_B has the hydroxyl proton pointed towards the lysine, and Y224_C is the deprotonated (−1 charged) tyrosinate species. As a result of electrostatic interactions between the two residues, the ionization of K215 and Y224 exhibits irregular behaviour (in this case, negative co-operativity). An example of this interaction is shown on the right; a rotation of the tyrosine hydroxyl allows for a favourable interaction between the hydroxyl proton and the lone pair on the neutral lysine. This is equivalent to deprotonation of Y224 followed by proton transfer from K215 to the tyrosinate oxygen. Values were taken from [7] (PP i ) and [8] (ATP).
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are given in one-letter amino-acid code) and Y224, to explain the function, if any, of these residues in proton transfer that occurs during catalysis. In the crystal structure of the enzymesubstrate ternary complex, direct contacts are observed between K215 and Y224 and the γ -phosphate of MgATP [3] , and upon reaction, this interaction would be maintained with MgPP i in the product complex. Furthermore, the pH dependence of both K ib and K ip ( Figures 3 and 4) suggested that protonation of two residues involved in MgATP and MgPP i binding exhibited negative co-operativity, characterized by a Hill coefficient (h) < 1.
The close distance between these residues (2.75 Å) in the crystal structure also suggests they could exhibit co-operativity. Cooperative and other irregular acid-base titration behaviour of amino acids in proteins can be attributed to both electrostatic and conformational effects, and MCCE simulations can give insight into this phenomenon [4, 5] . Because the presence of explicit solvent molecules in the active site [3] suggested that these solvent molecules could mediate proton transfer in the active site, the rotational and translational motion of waters was allowed during the simulation to account for their electrostatic effect and to determine if proton transfer between these solvent molecules and/or active site residues would occur. The MCCE simulation of the free enzyme (PDB code 1FA0, [6] ) gave the following results: K215: pK a = 10.50, h = 0.347; Y224: pK a = 11.96, h = 0.293. Figure S2 depicts the MCCE results for K215 and Y224 of the free enzyme, indicating that electrostatic interactions between the side chains stabilizes the deprotonated state. The low values for the Hill parameters (h) indicate these residues exhibit negative co-operativity, consistent with the results of the kinetic experiment. The calculations show both K215 and Y224 are >99 % protonated at neutral pH, but two factors make deprotonation more favourable (relative to the unperturbed amino acid). First, the anionic form of Y224 is stabilized by an electrostatic interaction with the cationic form of K215. Secondly, neutral conformers of K215 are stabilized values were determined by fitting the data to eqn (1) (see the main text), where the K ia term was set as a fixed value (derived from forward reaction) and using the equality: K ip = K ia K p /K a . †Determined in product inhibition experiments; for comparison, at pH 5.81 and 7.10, similar types of experiments yielded K ip values of 10.8 + − 1.8 and 10.1 + − 1.2 μM respectively. ‡Data for pH 8.98 were fitted to eqn (1) (see the main text), where the V term was set as a fixed value (approximated from the plot of V 1 versus pH). At this pH, data at high substrate concentrations were unreliable due to solubility problems. by a hydrogen bond between the lone pair of the ε-amino group and the hydroxyl proton of Y224 ( Figure S2 ). We hypothesize this property may be necessary to sufficiently weaken the enzyme interaction with MgATP and MgPP i . This interaction stabilizes the closed enzyme conformation, and co-operative deprotonation of K215/Y224 would promote rapid domain movement that is essential for facile substrate binding/product release during successive rounds of catalysis in vivo [3] .
The MCCE simulation of the enzyme-substrate ternary complex was based on our crystal structure of the D154A PAP mutant in complex with MgATP and poly(A) (PDB code 2Q66 [3] ). Because the D154A mutation and absence of the catalytic Mg 2+ in the crystal structure obviously represents a perturbation from the actual ground state ternary complex, specifically in the region of the chemically reacting 3 OH of poly(A) and the α-phosphate of ATP, it is necessary to justify our computational method. First, it is evident from the superposition of the domain structures from the closed ternary complex with those of the free, open enzyme (PDB code 1FA0) that the D154A mutation does not introduce any global structural defects in the enzyme [3] , thereby validating the original mutagenic approach. Secondly, for the MCCE calculation, both the D154 and the second metal were placed into the PDB file that was used in the input for MCCE to allow for the electrostatic effect of Mg(2+) and D154(1-) to be taken into account. Whereas K215 and Y224 are about 9 Å from the replaced residues, small deviations from their true position will contribute a relatively small error to the DelPhi calculation. Thirdly, the crystal structure (refined to 1.8 Å) clearly indicates the positions of the MgATP bound at the active site, many explicit solvent molecules, and protein regions that clearly define the boundary of the active site in the closed state. This includes the solvent molecules and residues (K215 and Y224) that our MCCE study addresses. Fourthly, as shown in Figure 1 , the position of these nucleotides is entirely consistent with the two metal ion mechanism, as is observed in a number of polymerase structures (discussed in [3] ). Therefore we propose that our initial model is a good representation of the ground-state ternary complex, and note that this method cannot model proton transfer that may occur during intermediate states of the reaction, given our limited information about the nature of those intermediates.
The MCCE calculation of the ternary complex suggests that the proton affinity of both K215 and Y224 increases in the EAB (closed) intermediate. Not surprisingly, the interaction with ATP 4− strongly The Table lists the contributions (kcal/mol; 1 kcal ≈ 4.184 kJ) to the ionization energy for residues K215 (residues are given in one-letter amino-acid code) and Y224 at pH 7, determined by the mean-field approach using the program, mfe.py (included in MCCE package). By definition, the ionization processes refer to Lys-NH 2 +H + ↔ Lys-NH 3 + and Tyr-OH ↔ Tyr-O − + H + , where a negative energy value favours ionization. The top section lists the various types of energy contributions to the total, and the bottom section lists all specific residue interactions larger than + − 0.2 kcal/mol. Definition of terms: vdw0, van der Waals (VDW) interactions of side chains; vdw1, VDW of side chain to backbone atoms; tors, torsion energy; ebkb, electrostatic interactions between side chain and backbone; desolv, loss of solvation energy; offset, a residue-specific correction given in the topology file, 'extra.tpl;' pH&pK0, pH effect defined as pH-−pK a (acid) or pK a −pH (base); −TS, entropy term; residues, total mean-field interaction with other residues given their conformation at this pH. The results for the MCCE simulation of free enzyme (PDB code 1FA0) and enzyme ternary complex (derived from PDB code 2Q66, described in the main paper). Mg(A) is the ATP-bound metal; Mg(B), catalytic metal. The charge on ATP is − 4, and AMP is HAMP 1− , representing the 3 terminal poly(A) residue. From the total ionization energy, MCCE predicts that the protonated forms of both residues are more strongly favoured in the closed ternary complex than in the free enzyme. n.a., not applicable. stabilizes the protonated forms of both K215 and Y224 and makes the dominant contribution to the free energy of ionization of these residues in the closed enzyme state (Table S3 ). In the presence of substrates, K215 had a pK a = 11.01 and h = 0.496; the pK a of Y224 could not be determined, but Y224 was protonated at essentially all pH values (at pH = 14, < 3 % Y224 was ionized). This analysis suggests that neither K215 nor Y224 function as a general acid, as the pK a for these groups is too high for efficient proton transfer. In this simulation, proton transfer to any of the phosphate oxygens of ATP was not considered. It cannot be ruled out that as the reaction progresses, proton transfer to the reacting substrates becomes more favourable. However, the calculations support that K215 and Y224 are both predominantly protonated in the ground state. It was hypothesized that explicit solvent molecules observed in the crystal structure (PDB code 2Q66) could affect the ionization of K215 and Y224 in the closed state of the enzymesubstrate ternary complex. The MCCE results suggested that pHdependent reorganization of two solvent molecules associated with these residues (HOH92 and HOH172) did occur due to the formation of new hydrogen bonds upon K215 deprotonation ( Figure S3 ). However, MCCE suggested the protonated form of K215 was more stable in the closed enzyme state than in the open state, and the alternate conformations of HOH92 and HOH172 were occupied primarily above pH 10. This suggests these conformational changes involving explicit solvent are not mechanistically significant in the enzyme-substrate ground complex. It is interesting to speculate that these conformers could be populated as the reactants are perturbed from the ground state, or in the product (MgPP i )-bound state. Additional structural information about the active site as catalysis proceeds are needed to test these ideas. Further MCCE studies, in conjunction with crystallographic studies of the enzyme product ternary complex, could assess the role of specific solvent molecules in proton transfer, including the possibility of proton transfer to pyrophosphate.
